Heatstroke is a life-threatening disease that results from exposure to high ambient temperature (4) . The diagnosis of heatstroke is based on hyperpyrexia (elevated core body temperature of over 40 o C), multi-organ damage and dysfunction (such as arterial hypotension, acute myocardial infarction, hepatic and renal failure), and predominant central nervous system dysfunction that causes delirium, convulsion or coma (22, 44) .
In many respects, heatstroke resembles sepsis, and evidence is growing that endotoxemia and cytokines may be implicated in its pathogenesis (4, 10, 38 ).
Hemorrhagic diathesis is invariably present in victims of severe heatstroke, and autopsy findings reveal hemorrhage and necrosis with widespread microthrombi in many vital organs (6, 9, 39, 55, 57, 62) . These results indicate that disseminated intravascular coagulation and excessive activation of inflammation are involved in the pathogenesis of heatstroke. Immediate initiation of rapid and effective cooling is crucial in a patient with heatstroke (1) . Currently, no medications for treating heatstroke are available (25) .
The lactate/pyruvate ratio is a well-known marker of cellular ischemia, whereas glycerol is a marker of how severely cells are affected by ongoing pathology (13-15, 59 ). Excessive accumulation of glutamate has been reported in ischemic brain tissue (43, 48) . Our previous results established that cerebral ischemia and injury during heatstroke in anesthetized rats are associated with increased production of glycerol, lactate/pyruvate ratio, and glutamate in the brain (5, 8, 24) . Additionally, the brain or blood PO 2 is reduced after the onset of heatstroke. Thus, excessive accumulation of cellular glycerol and glutamate as well as an excessive lactate/pyruvate ratio in the brains of anesthetized rats may be secondary to cerebral ischemia and hypoxia injury.
Moreover, all heat-stressed, anesthetized rats displayed systemic inflammation and FINAL ACCEPTED VERSION MANUSCRIPT NUMBER JAP- 01433-2005.R3 activated coagulation, as evidenced by increased tumor necrosis factor-, prothrombin time, activated partial thromboplastin time, fibrinogen degradation products and D-dimer, as well as decreased platelet count and protein C concentration during heatstroke (28). Biochemical markers also revealed cellular ischemia and injury, as evidenced by increased plasma levels of blood urea nitrogen (BUN), creatinine, glutamic oxaloacetic transaminase, glutamic pyruvic transaminase and alkaline phosphatase, and increased cerebral levels of glycerol, glutamate, and lactate/pyruvate ratio, as well as decreased cerebral levels of partial pressure of oxygen and local blood flow during heatstroke. In severe hyperthermic, anesthetized rats, a loss of compensatory vasoconstriction tone to the mesenteric arterial bed and, hence, a dramatic mesenteric vasodilation preceded any fall in arterial blood pressure (23) .
These observations together indicate that anesthetized rats exhibited hypotension, overproduction of cytokines, hypercoagulable state, intracranial hypertension and cerebral ischemia and injury during heatstroke.
When unanesthetized mice were subjected to acute heat stress by exposing them to whole-body hyperthermia treatment, the stress response indicators such as mortality, hypothermia, apoptosis, inflammatory cytokines, heat shock protein 70, nitrite, inducible nitric oxide synthase (iNOS), and kinin BIR in various tissues were observed (7, 29, 30) . One objective of the current study is to apply our previously published model of rat heatstroke to mice to take advantage of transgenic models. The establishment of a mouse model of heatstroke supports the examination of changes in HSP, hyperthermia, hypotension, cerebral ischemia, and neuronal damage in HSP72 transgenic mice and correlates these changes with those occurring at the tissue level.
Evidence has accumulated that preconditioning with HSP72 can induce thermotolerance. For example, the prior overproduction of HSP72 under thermal or This work has two objectives. The first is to assess whether arterial hypotension, hyperthermia and cerebral ischemia and injury could be induced in anesthetized mice attendant with heatstroke. The second is to investigate the enhanced thermotolerance of HSP72 in this well-established model of heatstroke using transgenic mice that overexpress HSP72. The empirical triad used for the diagnosis of classic human heat stroke is hyperthermia, central nervous system alteration, and a history of heat stress (4, 22) .
METHODS

Animals
Our previous studies have demonstrated that, when anesthetized rats are exposed to an in a temperature-controlled chamber). The moment at which the mean arterial pressure (MAP) fell to 25 mmHg from its peak level was taken to be the onset of heatstroke (19) (20) (21) 42 ). Immediately after the onset of heatstroke, the animals were allowed to recover at room temperature (30 o C). As shown in Table 1 , the latency for the onset of heatstroke (interval between the start of heat exposure and the onset of heatstroke) was found to be 60 ± 3 min for the normal ICR mice (n = 8). Polyclonal antibody that is specific for HSP 72 (SPA-812, Stress Gen, Canada) and monoclonal antibody specific for actin (CB-111, CashmereBiotech, USA) were used as the primary antibodies, and then anti-rabbit immunoglobulin G conjugated with Alkalike phosphatase (Amersham Pharmacia, UK) were used as the secondary antibodies. The membranes were washed, incubated in a Alkaline phosphatase developing buffer reagent plus kit, and exposed to an x-ray film. The expression of HSP72 and actin were semiquantified using a gel densitometric scanning program.
Neuronal damage score. At the end of each experiment the brain was removed, fixed in 10% neutral buffered formalin and embedded in paraffin blocks. Serial (10 µ m) sections through the striatum were stained with hematoxylin and eosin for microscopic evaluation. The extent of striatal neuronal damage was scored on a scale of 0-3, modified from the grading system of Pulsinelli et al. (50) , in which 0 is normal, 1 means that ~30% of the neurons are damaged, 2 means that ~60% of the neurons are damaged, and 3 means that 100% of that neurons are damaged. Each hemisphere was evaluated independently without knowledge of the experimental conditions. When examined for neuronal damage in gray matter, only areas other than those invaded by probes were assessed. Our previous results (20, 37) have shown that the hippocampal, striatal, hypothalamic and cortical neurons are all susceptible to cerebral ischemia following heatstroke. However, in this work, only the striatal regions were histologically examined for neuronal damage.
Data presentation and statistical analysis. As showed by our previous findings (19, 20, 36, 68) , heatstroke causes both cerebral ischemia and neuronal damage in different brain structures, including cortex, striatum, hypothalamus, thalamus, and hippocampus. In the current study, the local blood flow and neuronal damage of the striatal region were measured. All probes were placed in regions of the striatum as Data are presented as mean ± S.E.M. Analysis of variance (ANOVA) was used to conduct factorial experiments, and Duncan's multiple-range test was performed to make post hoc multiple comparisons among means. The Wilcoxon signed rank test was used to compare the neuronal damage across two groups. The Wilcoxon tests convert scores to ranks; a sum of the ranks is calculated and critical values of the sum are provided to test the null hypothesis at a given significant level. The data were given as "median", first quartile and third quartile. A P value of less than 0.05 was considered as statistically significant. (Fig. 7C') .
RESULTS
Overexpression of HSP 72 in multiple organs
DISCUSSION
This study makes two points that make it of particular value to understanding heatstroke. First, to the best of our knowledge, this is the first study to use transgenic mice to study the role of HSP 72 in this well-established model of heatstroke (35).
Second, this work extends our laboratory's earlier studies in rats (35) by successfully applying our heatstroke model (which was previously established in rats) to a new species, to expand significantly our ability to use novel transgenic/knockout models to study heatstroke responses. Values are medians from eight mice per group, followed by Q1 and Q3 in parenthesis. For determination of neuronal damage score, animals were killed after 59 min of heat exposure plus 10 min room temperature. The data were evaluated by a Wilcoxon signed rank test followed by Duncan's test. Br, brain; Hr, heart; LV, liver; Sp, spleen; Lu, lung; Ki, Kidney; Mu, muscle; Ta, tail;
Ts, testis. (ANOVA, followed by Duncan's test). Br, brain; Hr, heart; Lv, liver; Sp, spleen; Lu, lung; Ki, kidney; Mu, muscle; Ta, tail; and Ts, testis. HSP 72 mice (ANOVA, followed by Duncan's test). 
